Abstract. Since whey-acidic-protein domain (WAP) containing protease inhibitors such as SLPI (secretory leukocyte protease inhibitor) and elafin (elastase-specific inhibitor) have antimicrobial activities and are thought to play critical roles in mucosal defenses, we are interested in these protease inhibitors. By accessing the Novartis mouse expression database, we found that the four WAP family members, SLPI, WFDC2, WFDC5, and WFDC12, are highly expressed in the oral organs, such as the trachea, tongue, and salivary glands. Since their WAP domains play pivotal roles in the antimicrobial and/or antiprotease activities and their application in therapeutics are expected to have practical value, we collected 98 WAP homologues and tried to predict their physiological functions by analyzing their amino acid sequence structures. From the multiple alignments of amino acid sequences, we predicted that most of the mammalian N-terminal WAP domains derived from SLPIs and the WAP domains derived from WFDC12s have antimicrobial activities, whereas most of the mammalian C-terminal WAP domains derived from SLPIs and the WAP domains derived from elafins have antiprotease activities. From the phylogenetic tree, it was revealed that an ancestral WAP protein initially diverged into the WFDC5-C WAP domain and the ancestral protein for the other WAP domains. Subsequently, the ancestral protein for the other WAP domains diverged into two ancestral proteins, one for elafin and SLPI-C WAP domains and the other, for SLPI-N, WFDC15b, WFDC12, and WFDC5-N WAP domains, respectively. Moreover, the tree indicated that the WFDC5-N and WFDC12 WAP domains share a common ancestral protein.
Introduction
Protease inhibitors such as SLPI (secretory leukocyte protease inhibitor) and elafin (elastase-specific inhibitor) are synthesized and secreted by local tissues and/or organs and are known to have antimicrobial activities (1) . These two protease inhibitors contain the whey-acidic-protein domain (WAP) and these domains are known to play pivotal roles in the antimicrobial and/or antiprotease activities (1) . Since SLPI is thought to limit the spread of fungi, bacteria, and viruses on mucocutaneous surfaces in vivo by blocking colonization of transient pathogens and/or their release of destructive proteases such as elastase in oral sites (2), we are interested in the protease inhibitors within the oral cavity with an aim of future therapeutic applications.
We hypothesized that genes highly expressed in the tongue, salivary glands, snout epidermis, and trachea contribute to maintenance of the levels of salivary protease inhibitors. Since the expression levels of 36,182 mRNAs have been estimated for 61 different mouse organs, tissues, and/or cells by two independent experiments, and the results are stocked as a dataset in the Mouse GNF1M, we initiated our study by accessing the Novartis expression database (3) , and found that four WAP family members, SLPI, WFDC2, WFDC5, and WFDC12, are highly expressed in oral organs. Subsequently, we collected 98 WAP homologues and tried to predict their physiological functions by analyzing their amino acid sequence structures. We aligned their amino acid sequences, and tried to elucidate the relationship between the amino acid sequences and their functions. We also constructed a phylogenetic tree and revealed an initial divergence of WFDC5-C-terminal WAP from an ancestral WAP protein. Based on these analyses, we discuss the relationships between the amino acid sequences and antiprotease and/or antimicrobial activities. 
Materials and methods
Selection of oral organ-specific cDNA clones. Oral organspecific cDNA clones were selected from the expression database 'Mouse GNF1M', which contains gene expression data for 36,182 mouse genes obtained from two independent experiments using 61 organs, tissues, and/or cells (http:// wombat.gnf.org/index.html) (3). Log-transformed ratio data for the 61 organs, tissues, and/or cells were normalized. The clone was denoted as 'oral organ-specific' if the normalized ratio value exceeded +2 SD for the microarray data of the tongue, salivary gland, snout epidermis, and trachea in both of the two independent experiments (3, 5) .
Selection of cDNA clones coding for WAP domain containing protease inhibitors.
After annotating the oral organ-specific cDNA clones, we looked for clones coding for protease inhibitors using the names of mouse protease inhibitor genes described as key words in the review of Puente and LopezOtin (6), and selected clones coding for WAP domaincontaining protease inhibitors using WFDC, WAP, elafin, and/or SLPI as key words.
Nomenclature. The nomenclature of primate WFDC-encoding proteins and genes are written in uppercase letters as described in Clauss et al (4) . The corresponding proteins and genes from other vertebrates or mammals are also written with uppercase letters and numbers in this study.
Collecting the homologues of the N-and C-terminal WAP domains of mouse SLPI. We performed PSI-BLAST homology searches using either the mouse SLPI N-WAP domain with 45 amino acid residues or its C-WAP domain with 47 amino acid residues as queries against the database at the NCBI (7 Phylogenetic tree. Phylogenetic and molecular evolutionary analyses were conducted by the neighbor-joining (NJ) method (10) in MEGA version 4.0 (11) or CLUSTAL W (9).
Results and Discussion
Isolation of cDNA clones highly expressed in the oral organs and selection of clones encoding WAP domain-containing Table I . Classification of clones highly expressed in the oral organs. 
Not functionally annotated clones include unclassifiable clones, clones coding for hypothetical proteins, and clones corresponding to DNA segments. Protease inhibitor clones include 14 serpin family members, 4 WAP family members, 2 cystatins, and 6 different protease inhibitors.
-
protease inhibitors. We selected cDNA clones highly expressed in the salivary gland, tongue, trachea, and snout epidermis, and isolated 1,603 clones from 36,182 clones. We found that 296 (18.5%) of the 1,603 clones had not been functionally annotated (Table I) , and determined that 26 (1.6%) of the clones encode protease inhibitors as described by Puente and Lopez-Otin (6): four of the 26 coded for WAP domain containing proteins, i.e., SLPI, WFDC2, WFDC5, and WFDC12 (4) ( Table I ). Since we are interested in WAP domain-containing salivary protease inhibitors with antimicrobial and/or antiprotease activities, we focused our study on these four WAP motif-containing proteins. All four of these genes are mapped on mouse chromosome 2 and share significant homology (4).
Structures and functions of WAP domains derived from SLPIs and WFDCs.
To obtain insights into the relation between antimicrobial and/or antiprotease activities and the amino acid residues of the WAP domains, we collected 98 WAP homologues (Table II) : 70 were derived from primates (12), 11 from rodents, 8 from ungulata, 3 from dog, 2 each from opossum and duckbill, and one each from chicken and nematode. These isolates included WAP homologues derived from SLPIs, WFDC5s, WFDC12s, and elafins (Table II) . However, no WAP homologues derived from WFDC2 were included, indicating that the homologies between WAPs derived from WFDC2s and those derived from SLPIs are significantly lower. Although we were not able to isolate a cDNA clone corresponding to the mouse elafin gene from screening the Novartis mouse database, we isolated many WAP homologues derived from elafins of primates, carnivora, and ungulata in our homology search (Table II) . This result is consistent with the study that most surprisingly, there is no mouse elafin gene (4).
Antimicrobial activity (Fig. 1A and B) . To elucidate the relationship between the amino acid residues and protein functions, we aligned the amino acid sequences of the human SLPI-N-, mouse WFDC12-, and WFDC15b-WAP domains, because these three WAP domains have been demonstrated to have antimicrobial activities (1, 13) (Fig. 1A) . This alignment revealed that eight Cys residues as well as Pro11, Pro24, Table II . The WAP family proteins studied. 
----------------------------------------------------------------------------------------------------
N-and C-terminal WAP domains were extracted from each SLPI and WFDC5 sequence, whereas only one WAP domain was extracted from each WFDC12 and elafin sequence (see Materials and methods). There was one exception, the N-terminal WAP domain was not extracted from Colobus guereza SLPI (gi|134093077). The WAP domain extracted from mouse WFDC15b (gi|38174311) was used as one of the antimicrobial activity positive controls (see Fig. 1A ), and the WAP domains extracted from chicken (gi|118100817) and nematode (gi|72000192) were used as out group proteins for the phylogenetic tree construction (Fig. 3 ).
-----------------------------------------------------------------------------------------------------
Asp29, and Pro50 were completely conserved and that Ala16, Glu25, Gly34, Ile45, Lys46, Leu48, and Asp52 of human SLPI were all replaced by similar amino acid residues among these three WAP domains. Most of these conserved amino acid residues should have pivotal roles in the antimicrobial activities.
Subsequently, we aligned the amino acid sequences of 14 SLPI-N-, 12 WFDC12-, and 16 WFDC5-N-WAP domains (Fig. 1B) . The results obtained with 14 SLPI-N-and 12 WFDC12-WAP domains revealed that they maintained nearly all of the above-described conserved amino acid residues (Fig. 1A and B ). There were three exceptions: i) Pro24 of Human-SLPI-N was replaced by Arg24 in Lemur-SLPI-N; ii) Ile45 of Human-SLPI-N was replaced by Thr45 in Sheep-SLPI-N, and iii) by Ser45 in Mouse-SLPI-N (see Fig. 1B , scores marked with **). These results suggest that the remaining 23 of 26 SLPI-N-and WFDC12-WAP domains retain antimicrobial activities.
On the other hand, although the eight Cys residues were conserved among the 16 WFDC5-N, several other above- Multiple alignments were performed as described in Materials and methods. For the conservation line output in the CLUSTAL format alignment file, three characters are used: '*' indicates positions that have a single, fully conserved residue; ':' and '.' indicate positions that contain substitutions with highly and with weakly similar amino acid residues, respectively. Red boxes indicate fully conserved residues; yellow boxes, amino acids present within the positive sequences; non-colored boxes, amino acids substituted with highly or weakly similar amino acid residues; grey boxes, amino acids substituted with unrelated amino acid residues. The alignments were arranged according to the arbitrarily defined scores: each red or yellow box for an amino acid is scored as 1 and each grey or non-colored box is scored as zero. The scores marked with ** indicate that the WAPs are predicted not to have similar antimicrobial activities. The underlined amino acid residues correspond to the conserved amino acid residues substituted with unrelated amino acid residues. Names, origins, and abbreviations related to the WAP domains are summarized in Table II . Amino acid residue numbers of human SLPI are shown in panel (A).
described conserved amino acid residues were replaced by unrelated residues. For example, out of the 16 WFDC5-NWAPs, Pro24 of Human-SLPI-N was replaced by Asp24 in all 16 WAPs, Ile45 of Human-SLPI-N was replaced by Arg45 in 12 WAPs, and Pro50 of Human-SLPI-N was replaced by Arg50 or Met50 in 14 WAPs (Fig. 1A and B) . These results suggest that although the 16 WFDC5-N-WAP domains have conserved tertiary structures, they do not have similar antimicrobial activities, or have antimicrobial activities against different microbes.
Antiprotease activity ( Fig. 2A and B) . Grutter et al (14) found that human SLPI contacts proteases through Leu72 and Met73 of the 'primary' binding loop, which consists of eight residues from Thr67 to Leu74 (Fig. 2A, SLPI) . Tsunemi et al (15) described the primary binding site of human elafin, the V region, to consist of Ala24, Met25, and Leu26, which correspond to Leu72, Met73, and Leu74 of human SLPI (Fig. 2A, elafin) .
Since the human SLPI-C-WAP and WAP domains derived from human and pig elafins have antiprotease activities, we aligned the amino acid sequences of these three WAP domains (1, 16) (Fig. 2A) . We added the C-WAP domains derived from mouse and sheep SLPIs to this alignment because these two SLPIs have also been demonstrated to have similar antiprotease activities (17, 18) . The alignment revealed that eight Cys residues as well as Pro61, Gly62, Met73, Pro76, Asn78, Asp83, Lys91, Gly98, and Pro104 were all conserved, and that Gln70, Leu74, Asn75, Gln85, Gly94, and Val102 of human SLPI were all replaced by similar amino acid residues in the other 4 sequences. All these conserved amino acid residues should have pivotal roles in the antiprotease activity ( Fig. 2A) .
We collected 13 SLPI-C, 15 elafin, and 17 WFDC5-C WAP domains, and aligned their amino acid sequences Figs. 1  and 2 ). The other abbreviations are as described in Table II. ( Fig. 2B) . The results obtained with the 13 SLPI-C and 15 elafin WAP domains revealed that they retained almost all of the above-described conserved amino acid residues ( Fig. 2A  and B ). There were three exceptions: i) Gln70 and Val102 of Human-SLPI-C were replaced by Tyr70 and Ser102, respectively, in the Lemur-SLPI-C WAP domain; ii) Pro61 of human elafin was replaced by Arg61 in Sheep-elafin, and iii) Pro61 and Leu74 of Human-SLPI-C were replaced by Arg61 and Trp74, respectively, in Cattle-Trappin-6. Accordingly, we predict that Lemur-SLPI-C-, Sheep-elafin, and Cattle-Trappin-6 WAP domains do not retain antiprotease activities (see Fig. 2 , scores marked with **). Although Pro61 of Human-SLPI-C was replaced by Ala61 in BSMonkey-SLPI-C, by Ser61 in Nmonkey-SLPI-C, and by Ser61 in Nmonkey-, BSMonkey-, Marmoset-, and Galagoelafins, these are similar amino acid residues, and these results suggest that these proteins keep their antiprotease activities.
On the other hand, although the eight Cys residues were completely conserved among the 17 WFDC5-C, the amino acid residues of the regions corresponding to the 'primary' binding site of human SLPI (Leu72, Met73, and Leu74 region) and/or to the V region of human elafin (Ala24, Met25, and Leu26 region) were replaced by different amino acid residues (Fig. 2B) (13, 14) . These results suggest that the 17 WFDC5-C-WAP domains either have antiprotease activities against different proteases, or do not have antiprotease activities.
Evolution of the WAP domains.
To elucidate the evolutionary relationship among WAP domains, we constructed a phylogenetic tree using the amino acid sequences of the WAP domains shown in Figs. 1 and 2 (Fig. 3) . Our analysis revealed that an ancestral WAP protein diverged into the WFDC5-C-WAP domain and the ancestral protein for the other WAP domains. Brown et al (16) showed a close relationship between elafin-WAP and SLPI-C-WAP domains, and suggested a divergence in their evolution from an ancestral protein subsequent to the divergence of SLPI-N-and SLPI-C-WAP domains. Our results not only support this concept, but also suggest a divergence of WFDC15b-, WFDC12-, and WFDC5-N-WAP domains from a diverged ancestral SLPI-N-WAP domain (Fig. 3) . Moreover, our results suggest that WFDC5-Nand WFDC12-WAP domains share a common ancestral protein (Fig. 3) .
Possible applications in therapeutics. Antimicrobial properties of recombinant human SLPI-N-WAP are observed not only in vivo against E. coli and Staphylococcus aureus, but also in vitro against the spread of fungi, bacteria, and viruses (1,2). Since elderly individuals are particularly susceptible to mucosal infections and are known to produce diminished amounts of oral SLPI (2), these studies suggest that supplying recombinant WAPs to the saliva of elderly patients could prevent mucosal infections. Apparently, these recombinant proteins have advantages over many other protease inhibitors because they are not glycosylated and are much smaller (~5 kDa) than natural protease inhibitors such as serpins (40-50 kDa) (19) and cystatins (11-175 kDa) (20) .
In summary, we have isolated 98 WAP homologues and based on their multiple alignments, we predict that most mammalian SLPI-N-and WFDC12-WAP domains have antimicrobial activities, whereas most mammalian SLPI-C-and elafin WAP domains have antiprotease activities. We also discussed the evolution of WAP family members. According to Fitch et al (1) , increasingly virulent strains of bacteria and antibiotic resistance mean that proteinase inhibitors have the capacity to become the next 'magic bullet'. We are therefore continuing our efforts to collect WAP homologues, analyze their amino acid sequences, and predict in silico whether these homologues could have novel antimicrobial and/or antiprotease activities.
